A new compound composed of Nd, Fe, and a small quantity of B about 1 weight has been found, which has a tetragonal structure with lattice constants a = 0.880 nm and c = 1.221 nm. This phase, which has the approximate composition, 12 atom Nd, 6 atom B and balance Fe, possesses remarkable magnetic proper ties. From the approach to saturation an anisotropy con stant of about 3.5 MJ/m 3 can be calculated, while satura tion magnetization amounts to 1.35 T. The magnetiza tion versus temperature curve shows a Curie tempera ture of 585 K, which is much higher than those of the Fe and light rare earth binary compounds. Based on the new compound, sintered permanent magnets have been developed which have a record high energy product. Permanent magnet properties and physical properties of a typical specimen which has the composition Nd15B8Fe are as follows: Br = 1.23 T, HcB = 880 kA/m, HcI = 960 kA/ m, BH max = 290 kJ/m 3 , temperature coe cient of Br = 1260 ppm/K, density = 7.4 Mg/m 3 , specific resistivity = 1.4 μ m, Vickers hardness = 600, flexual strength = 250 MPa.
Introduction
Production of Sm Co permanent magnets has been in creasing steadily. They have become widely applied to the fields of the electronics industry. To obtain larger scale adaptation, for example, in the automotive indus try, it is necessary to develop a material containing little or no Sm and Co which are less abundant resources. As alternative materials, there have been a growing interest in rare earth R Fe alloys, especially those containing large amounts of the abundant light rare earths LR . 1 , 2 ,3, 4 ,5 The LR and Fe binary compounds have high saturation magnetizations as a result of the ferromagnetic coupling of LR and Fe moments. Through the action of crystal field, a huge magneto crystalline anisotropy is expected if R carries an orbital moment. The LR Fe compounds are strong candidates for high performance permanent magnets rivaling SmCo magnets.
However, the R Fe permanent magnet has not been real ized yet. This is thought to be mainly due to three rea sons:
1 The Curie temperatures of R Fe compound containing LR are too low;
2 The LR and Fe form few stable inter metallic phases;
3 No R Fe compound shows a uniaxial magnetic anisotropy.
Adhering to the equilibrium R Fe binary phases does not appear promising. Two alternative approaches may possibly achieve a breakthrough.
1 Extending the search to metastable or non equilibrium phases instead of limiting it within the equilibrium phases. Actually, Croat et al. 1 3 and Koon et al. 4, 5 have already developed R Fe alloys having high coercivity by utilizing melt spinning which tends to form metastable phases.
2 Extending the search to ternary or quaternary systems instead of limiting it within the binary system. Even though the LR and Fe form few stable compounds, a variety of stable phases might exist in ternary or quaternary systems.
We have synthesized numerous compounds composed of LR, Fe and small quantities of other elements and have found that various kinds of equilibrium phases ex ist in the ternary systems. Of these phases, we have found a new ternary compound consisting of Nd, B, and Fe which shows remarkable magnetic properties for a permanent magnet material. Based on this compound, a powder metallurgical process has been developed to ob tain permanent magnets having a record high energy product.
Experimental Procedure
Induction melts of the nominal compositions NdxByFe10o x y with x = 13~19 and y = 4~17 were made in an alumina crucible under an argon gas atmosphere. The ingots were crushed in a nitrogen atmosphere to a parti cle size ~1 mm by a jaw crusher, to 1oo μm by a disk mill, and then, pulverized in 1,1,2 trichloro 1,2,2 trifluoroethane to about 3 μm by a ball mill with a stainless steel container and balls. The powders were aligned in a magnetic field of 800 kA/m and pressed perpendicular to the aligned direction at a pressure of 200 MPa. The green compacts were sintered in an argon gas atmosphere at temperatures from 1310 1430 K for 1 hour and then, cooled rapidly in a cooling chamber. The sintered samples were given a post sintering heat treat ment for 1 hour at 400~1400 K and cooled rapidly.
The x ray di ractometer measurements were carried out on powders with average particle size smaller than 100 μm which were obtained by grinding the ingots as de scribed above. We employed Cu K radiation in combi nation with an x ray monochromator. The rotating crystal method was used on the single crystal fragments which were obtained from a crushed ingot which had been slowly cooled in the temperature range from just above to just below the melting point of the alloy.
Magnetization versus temperature curves from room temperature to above the Curie temperature were measured on the sintered specimens using vibrating sample magnetometer VSM . A magnetic field of 800 kA/m was applied to the sintered specimen parallel to its magnetically oriented direction. The Curie temperature was estimated from low field measurements. The virgin magnetization curves were measured on the same specimen parallel and perpendicular to the magnetically oriented direction using VSM. The maximum magnetiz ing field was 1200 kA/m. Specimens used for VSM measurements were disks, 2 mm in diameter and 1 mm thick, cut from sintered blocks.
Permanent magnet properties were measured by a mag netic flux meter with a maximum magnetizing field of 1600 kA/m. The microstructures of the sintered speci mens were investigated by an optical microscope and an electron probe microanalyzer. A few reflections left unindexed in these spectra are considered to be of the minor phases in the alloys. As the Nd content increases, the intensity of the reflec tions from minor phases increases. The alloys containing Nd less than 10 atoms exhibit strong Fe reflections. It is likely that the single phase region of the tetragonal structure exists in the vicinity of 12 atoms Nd, 6 at oms B and balance Fe. Figure 2 shows the magnetization versus temperature curves for Nd15ByFe85 y with y = 0~8. The magnetization of Nd15Fe85 binary alloy, having about 0.8 T at room temperature, decreases with increasing the temperature to a very small value at about 400 K. From a low field measurement, the Curie temperature of the Nd Fe alloy was estimated about 310 K. The magnetization of the alloy increases with increasing B addition, and reaches the maximum at around 6 atoms B. This increase is caused by the formation of tetragonal phase having a high Curie temperature. The low field measurement showed the Curie temperature of this phase to be 585 K. X ray di raction measurements were made on the specimens aligned in a magnetic field and then, sintered. For the alloys containing B, it was found that the c axis of the tetragonal structure is aligned parallel to the magnetic field, while for Nd Fe binary alloys, the c plane of the rhombohedral Nd2Fe17 is aligned. Figure 3 shows the virgin magnetization curves of the sintered Nd15B8Fe77 specimen measured parallel and perpendicular to the easy axis. In the maximum field of 1200 kA/m, the magnetization in the easy direction amounts to 1.3 T, while, in the hard direction, it is only 0.4 T. It turns out that the tetragonal compound has a high uniaxial magnetic anisotropy. A preliminary meas urement of the magnetization curves was carried out using Bitter type electromagnet with the maximum field of 8 MA/m. This showed that the anisotropy field of the tetragonal phase was approximately 8.8 mA/m, which corresponds to an anisotropy constant Kj as high as 3.5 MJ/m 3 . Saturation magnetization was estimated at 1.35 T.
Results
Thus we have a remarkable new compound as a material for high performance permanent magnets.
Based on this Nd Fe B tetragonal phase, a powder met allurgical process has been developed to produce perma nent magnet. Metallographic studies have shown the following results:
1 The alloy consists of mainly two phases, that is, tetragonal major phase and Nd rich minor phase;
2 The average grain size of the tetragonal phase is about 15 μm; 3 The Nd rich phase which contains more than 80 atoms Nd is scattered along the grain boundaries of the tetragonal major phase. Figure 8 shows an x ray composition image of the Nd15B8Fe77 sintered alloy, where the dark areas corre spond to the tetragonal phase and the white areas corre spond to the Nd rich phase. Magnetization curves in the first and second quadrants for the Nd15B8Fe77 alloy are shown in Figure 9 . The fig ure at each demagnetization curve gives the strength of the maximum magnetizing field. Each magnetization curve is obtained for a specimen thermally demagnet ized at a temperature higher than the Curie temperature before each measurement. It can be seen from Figure 9 that HcI increases with increasing the magnetizing field and as the magnetizing field is increased more than 600 kA/m, the squareness of the curve in the second quardrant is improved with a slight increase in HcI. 
Discussion
It has often been pointed out that the Curie tempera tures in R Fe compounds, extremely low compared with RCo compounds, increase with increasing Fe Fe intera tomic distances and with decreasing the number of Fe nearest neighbors. 6 This is thought to be related to a high degree of localiza tion of the Fe moment compared with the Co moments. For R Fe compounds, the magnetic properties are mainly determined by the Fe Fe interatomic distances and the number of Fe nearest neighbors, whereas for R Co compounds, the magnetic properties are determined by the conduction electron transfer from the rare earth to the 3d band of Co. 6 In the Nd B Fe tetragonal compound, it seems that B atoms play a role in expanding the Fe Fe interatomic distances and/or decreasing the number of Fe nearest neighbors, leading to a high Curie temperature com pared with Nd Fe binary compounds. Since the B con centration is less than 1/10 of the Fe concentration for the composition thought to be the single phase, it is likely that B atoms do not directly expand the intera tomic distances and/or decrease the number of nearest neighbors, but act to stabilize the tetragonal phase which has long interatomic distances and/or few nearest neighbors compared with Nd Fe binary compounds. To understand the relation between the magnetic proper ties and atomic environments, it is necessary to deter mine the precise atomic positions in the tetragonal unit cell. We have already started the analysis of the crystal structure and will present the result in the near future.
Since Nd +3 carries an orbital moment, it might be ex pected that the Nd B Fe tetragonal phase possesses a huge magnetic anisotropy through the action of crystal line field. It is fortunate, however, that the tetragonal phase has a uniaxial anisotropy parallel to the c axis.
In addition to the remarkable magnetic properties of the Nd B Fe tetragonal compound, the metallographic condition in the ternary system also favored the realiza tion of the practical permanent magnets. On the Nd rich side of the stoichiometric composition of the tetragonal phase, there exist a nonmagnetic phase with a low melting point which contains Nd more than 80 at oms . This low melting point phase acts as a sintering aide at a relatively low temperature and enables a liquid phase sintering. As a result, densification occurs without significant grain growth. The liquid phase formed might act to etch the damaged layer in the particle surfaces, leading to enhance the coercivity of the magnet.
The melting point of the Nd rich phase is considered to be near the eutectic temperature of the Nd Fe binary alloy, approximately 910 K, 7 although it would be slightly modified by the addition of B. The enhancement of the coercivity by the post sintering heat treatment at around 900 K is considered to be related to the eutectic reaction of the Nd rich phase.
The steep rise in the virgin magnetization curve indi cates a type of nucleation controlled coercivity mecha nism. However, a simple nucleation model of magnetiza tion reversal cannot explain the demagnetization curves shown in Figure 9 . To understand the increase in both coercivity and the rectangularity of the I H curve with increasing magnetizing field, it is necessary to assume pinning zones locally distributed in each grain with dif ferent depths of trapping against domain wall motion.
Since the saturation magnetization of the Nd B Fe tetragonal compound amounts to 1.35 T, permanent magnets having BH max of 330~340 kJ/m 3 may be devel oped before long. The high mechanical strength of Nd B Fe based magnets, approximately twice that of the Sm Co magnets, makes the treatment of the magnet easy during machining work and assembly work. The low specific gravity compared with Sm Co based mag nets is e ective in reducing the weight of magnetic cir cuits.
On the other hand, the high temperature coe cients of Br and HcI of the Nd B Fe based magnets are significant disadvantages. From our latest research, it has turned out that 10~20 atoms Co addition is e ective in re ducing the temperature coe cient of Br, while small addition of heavy rare earths can practically improve the temperature coe cient of HcB due to the increase of HcI as high as 1600 kA/m, although the coe cient itself is not reduced.
The newly developed Nd B Fe magnets do not necessar ily need less abundant Co. Common ores of rare earth contain 13~ 19 weight Nd, 8 which is 5 ~ 10 times more abundant than Sm. Therefore, as the reduction cost of Nd metal is decreased the Nd B Fe magnets will be able to compete with any other permanent magnets.
